The field solution of hysteresis-reluctance motors with segmental rotors is developed, using the method of series matching at the boundaries between the various regions of the system model. New parameters are derived that yield an equivalent circuit and machine-performance equations for this type of machine. Computed results are presented to illustrate the application of the theory, and to demonstrate the performance of the machine and the influence of its design features. Performance is compared with that of a circumferentialflux hysteresis motor, by both calculation and a tested example.
INTRODUCTION
When the rotor of a hysteresis motor is arranged to have magnetic saliency the machine produces a reluctance-torque component, and the resultant synchronous torque is a combination of the hysteretic and reluctance effects. There results a machine which has positional properties and increased synchronous torque, compared with the plain hysteresis motor. This paper relates specifically to an arrangement 1 which may be regarded as a modification of the circumferential-flux-type rotor. Fig.1 shows a ring of hysteresis material of thickness ~cut into 2p equally spaced segments, of angular width /311/p, to form a rotor for a machine with p pole pairs. The direct axis, or axis of minimum reluctance, is at e = O in Fig. 1 , and the quadrature axis is at 6 11 /2p.
The effective saliency is the result of the flux-barrier effect, presented by the segmental air spaces to flux entering the rotor surface centred on the quadrature axis. Both the hysteresis torque and the reluctance torque depend upon the resultant magnetic-field distribution; so it is necessary to determine this to evaluate any design, and to study the effect of changing design parameters.
ANALYSIS
In formulating an analysis of the system, endeffects are ignored and curvature is taken into account using polar co-ordinates. The permeability of the stator material is assumed to be infinite, and its linear current density is taken to be sinusoidally distributed around the bore surface. The properties of the rotor material are represented by a complex permeability p. equal to µexpjo, the values of µr equal to µ/ µ 0 , and o being chosen to represent the material at the operating values of B and H. All regions apart from the stator core and the rotor segments are nonmagnetic.
Taking into account the symmetry of the system, it is required only to solve for the magnetic field in the four subdomains marked i, g, I and Il in Fig.1 . To ensure correct continuity of the field solution at the boundaries between the subdomains, we have used the 'series-matching' method 2 which may be applied to boundary-value problems with subdomains whose solutions have discrete eigenvalue spectrums. Briefly, the procedure consists in writing the relationships between magnetic induction, intensity of magnetic field and vector magnetic potential in the various subdomains, imposing the appropriate periodicity, symmetry and boundary conditions, and deriving the solution in the form of infinite numbers of equations and unknowns, the latter being an infinite number of coefficients. The practical way to compute these coefficients is to use a restricted number of equations and a corresponding equal number of unknowns, the selected number of terms being sufficient to achieve a desired accuracy of solution. Once the coefficients have been evaluated, an expression for vector potential in each Summary M48. The manuscript of the complete paper, which was received on 18th July 1973, has region is known, and the induction and field intensity are determined at every point inside the stator bore.
This general method automatically includes, as particular cases, the reluctance machine with simple segmental rotor, when µr == co, and the circumferential-flux hysteresis machine, when {l "" 1.
f.>n/p, 
Only the fundamental component of the magnetic field in the airgap contributes to the transmission of electromagnetic power, and the complex power P + jQ transmitted from stator to rotor is evaluated using the Poynting-vector integral on the internal surface of the stator. The ensuing expressions for P and Q are used to derive equivalentcircuit parameters, in the form of direct-and quadratureaxis quantities. These parameters are designated rad•xad• raq and Xaq• and are all proportional to the stator-input angular frequency w. It is noted that for the hysteresisreluctance machine there are two new parameters rad and raq, compared with the reluctance machine. The hysteresisreluctance impedance at any load angle y is Zh {(rad cos 2 py + raq sin2 py) + (Xad -xaq) sin py cos py} + j {(xad cos 2 py + Xaq sin 2 py) + (raq -radl sin py cos py}
wherein the terms containing rad and raq are due to the hysteresis phenomenon and the terms Xad and Xaq are due to the reluctance effects.
When the stator-winding resistance Rs and leakage reactance Xa are included, the total direct-and quadrature-axis parameters of the machine are obtained, namely: (2)
A normalised current magnitude I/I 0 is also defined, where the reference value I 0 is equal to V/Xc, and Xe is the magnetising reactance with a cylindrical rotor and µr = co. Considering fundamental components only, the input power factor is cos </>={(rd cos2 py + rq sin2 py) + (xd -Xq) sin PY cos py} /Z and the electromagnetic torque M, found directly from the power P, is M = r: 12 {(rad cos 2 py + raq sin 2 py)
+ (xad -Xaql sin py cos py} where n is the n.umber of stator phases.
Dividing this by ~-reference torque Mv equal to npXV 2 , w 0 where X 0 is the magnetising reactance with rotor removed, we obtain the normalised torque m = M/Mv.
COMPUTATIONS
To determine the accuracy of the computations, circuit parameters have been computed, keeping in turn four, six, eight and ten terms in each infinite group. Expressing errors relative to the results obtained with ten terms, it was found that the maximum errors did not exceed 6%, 1 ·5% and 0·5"; 0 when four, six and eight terms, respectively, were used. All cases were subsequently computed using eight terms.
The system of Fig. 1 is characterised by six adimensional parameters p, g/c, A/c, {3, µrand o; the first four determining the geometry of the system and the last two representing the properties of the rotor material. Numerical computations have been made for various combinations of these parameters for the experimental machine case, 1 to investigate the influence of each parameter and to assist in design optimisation. For example, Fig. 2a shows that maximum torque increases sharply as f3 is decreased. For this machine Mvw/p = 2420 W. The torque is increased by using material with larger hysteresis angle 1i and lower permeability µr, and also by decreasing the relative thickness of the material A/c, Variations of input power factor at maximum 992 torque are illustrated in Fig. 2b and it is seen that materials with high hysteresis-loss characteristics yield the best power factors, the angle 1i playing the major part in this direction.
The ratio of maximum torque to the corresponding figure for the classical circumferential-flux hysteresis motor was always found to be greater than unity. With f3 of the order of 0·8, this ratio reaches 2 or 3. The best performance is obtained using good quality hysteresis material, say, with 15"" 60° and µr "" 60, f3 in the range 0·8-0·9 and A/c between 0·15 and 0·20. A power factor of approximately 0·8 is then obtained and maximum torque is about double that of the corresponding plain hysteresis motor.
In an experimental case, 1 measured torques clearly demonstrated the benefit of the segmental design. Computed results for torque and power factor of the segmental -rotor machine were somewhat optimistic, although agreement was good in respect of input current at maximum torque. 
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